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ABSTRACT

When gravity station coverage is sufficient and

when information exists on the geology and hydrology of an

alluvial basin, the amount of ground water available from

storage can be determined from the gravitationally measured

anomalous mass. Discrete gravity data reduction along with

effective regional residual separation is applied to pro-

duce a Second Order Residual Gravity Anomaly Map. Two-

dimensional modeling of the residual gravity values is used

to generate an accurate depth to bedrock map defining the

hydrologic boundaries of the basin. Direct application of

Gauss's Theorem to the residual gravity map gives the

amount of anomalous mass.

A density contrast model based on basin geometry

and all available geologic information is constructed

relating the amount of anomalous mass to the total volume

of saturated sediments. The volume of ground water avail-

able from storage is estimated from the volume of saturated

sediments and appropriate values of specific yield.

Availability of shallow subsurface geologic infor-

mation, coupled with improved gravity interpretation tech-

niques, has resulted in improved estimates of ground-water

volumes. This concept is illustrated by a case history

from the Papago Farms area, Papago Indian Reservation,



southern Arizona, where the amount of ground water avail-

able from storage is estimated to be 134 km3.



INTRODUCTION

Continuing population growth in the southwestern

U.S. has caused an increasing demand for new ground-water

sources. Alluvial basins characteristic of the Basin and

Range province can provide substantial amounts of ground

water for urban and rural water supplies. This paper dis-

cusses an application of the gravity method in determining

the volume and geometry of saturated sediments and the

amount of ground water available from an alluvial basin.

The method is modified after West and Sumner (1972)

and is based on the application of Gauss's theorem to the

negative residual gravity anomaly caused by the anomalous

mass of deficiency of an alluvial basin. The mass defi-

ciency is a result of the pronounced density contrast

between the higher density bedrock and the lower density

alluvial fill. The gravity anomaly represents the mass

deficiency of the alluvial fill relative to the confining

bedrock. The use of Gauss's theorem allows a unique

determination of the amount of anomalous mass. If a reli-

able depth-to-bedrock map is available, the basin geometry

can be used along with available geologic data to create a

realistic subsurface model relating the anomalous mass

of the basin to the total volume of saturated sediments.

Furthermore, if reliable values of specific yield are

1
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known, the amount of ground water available from storage

within the basin can be estimated. It should be emphasized

that this ground-water storage determination does not take

into account the technical or economical feasibility of

ground water removal.

The information required for this method is pro-

vided by relatively inexpensive gravity surveying, density

measurements from collected samples of bedrock and allu-

vium, and density logs from shallow drill holes. Also,

values of densities and specific yields from similar

alluvial basins provide useful and correlative information.

In addition to ground-water volume determinations,

interpretation of the gravity data can lead to other infor-

mation useful to the ground-water hydrologist. In this

particular application the gravity method was able to

delineate a major ground-water divide and gave an explana-

tion for ground water flow paths found in the basin. Other

investigators have found the gravity method has been useful

in determining subsurface pediment boundaries (Sumner,

1965; Sumner and West, 1969; Parker, 1978) and in outlining

hydrologic boundaries (Davis, 1967; Spangler and Libby,

1968).

DESCRIPTION OF AREA

The Papago Farms is an agricultural development

located in the southwestern corner of the Papago Indian
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Reservation, southern Arizona (Figure 1). It is situated

at the northern end of a northwest-trending alluvial basin

surrounded by Quaternary basalts and Tertiary andesites and

rhyolites. The basin is typical of the Basin and Range

province in southern Arizona, where the predominant north-

west trend in mountain ranges and basins has resulted from

Miocene block faulting during the Basin and Range orogeny.

The international boundary with Mexico lies just

south of the Papago Farms. Because gravity data were

unavailable in Mexico, this is the southern boundary for

the gravity survey area. The mountains to the north, east,

and west are also survey limits.

Major washes enter the basin from the north and

northeast and they trend across the survey area into

Mexico. Numerous shallow (60-300 m) wells exist, some of

which are currently pumping the alluvial aquifer for irri-

gation.

DATA ACQUISITION AND REDUCTION

A gravity survey was conducted over all accessible

areas of the basin and along bordering rock outcrops.

Wherever possible, samples of the bedrock and alluvium were

collected for laboratory density measurements. In this

survey, 240 gravity measurements were taken in an area of

approximately 200 km 2 (Figure 2). The density of gravity

stations depended on the availability of horizontal and
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vertical control and the roughness of the terrain. Station

densities of one station per 1.6 km 2 were obtained wherever

possible for this survey. In other alluvial basins of

southern Arizona similar station densities have been used

for anomalous mass determinations (Davis, 1967; West, 1970;

Parker, 1978). Station latitudes were interpolated from

the largest scale topographic map available (1:2400) that

complies with National Map Accuracy Standards (Marsden,

1960). Station elevations were determined from benchmarks,

spot elevations, and/or contours from topographic maps

meeting similar standards.

The reduction of gravity data to free-air and

simple Bouguer anomalies is accomplished by computer. A

computer program developed at the University of Arizona

Geophysics Laboratory takes into account the gravity sta-

tion elevation, the Bouguer slab approximation, and station

latitude. Corrections for instrument drift and tides are

also applied to the observed gravity values. Further

processing using digitized terrain data and where necessary

hand terrain corrections (Hammer, 1939) produces the com-

plete Bouguer anomaly. Several geophysical exploration

texts thoroughly discuss gravity data collection and

reduction (Dobrin, 1976; Telford et al., 1976; Nettleton,

1976).

Errors may exist in the observed gravity values

and in the accuracy of the calculated complete Bouguer
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anomaly. Systematic errors in the observed gravity values

due to instrument drift are negligible because of the effi-

cient design of the LaCoste & Romberg G model gravimeter

used in this survey. It has been shown that variation in

gravity between tide tables and computer-calculated tide

corrections rarely exceeds ± 0.01 mgal (Hargan, 1978).

Random errors in the observed gravity readings can be esti-

mated by the standard deviation of gravity readings made at

the same field station. During this survey, a standard

deviation for 20 gravity measurements at the same field

base station was calculated to be ± 0.18 mgal. Thus, the

total possible error in observed gravity is less than

± 0.20 mgal.

Along with errors in observed gravity, accuracy of

the complete Bouguer anomaly is a function of the accuracy

of station elevations, latitudes, and terrain corrections.

The largest errors exist in the elevation determinations

and topographic corrections. Good vertical control in the

Papago Farms area lowered the errors due to station eleva-

tion to about ± 0.51 mgal in this survey. Terrain correc-

tion errors of about ± 0.50 mgal are found in areas of high

relief. National Map Accuracy Standards for 1:24000 scale

maps is about 40 feet (12 meters) for horizontal positions

(Marsden, 1960). The resulting error in station latitude

would provide a maximum gravity error of about ± 0.01 mgal.

The root mean square of independent errors (Bevington,
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(1969) used to calculate the total error for the complete

Bouguer anomaly values is given by:

2	 2E
T 

= (E2 + E2 +	 + En )
1/2

1 (1)

where E
T 

is the total error and En are errors determined by

independent calculations. The maximum total error in the

complete Bouguer anomaly values determined from the above

analysis is ± 0.74 mgal.

Examination of the Papago Farms complete Bouguer

anomaly map (Figure 3) reveals a general correlation with

the surface geology. The least negative values occur over

dense bedrock and a prominent gravity low is associated

with the alluvial fill. Gravity lows are also found over

several rock outcrops. These outcrops are composed of

Tertiary volcanic rock, which has a much lower density than

the surrounding bedrock.

DENSITY CONTRAST DETERMINATION

The single most important parameter in the inter-

pretation of gravity data is the density contrast between

the bedrock and alluvium. Selection of an appropriate

density contrast for a given basin is quite difficult

without deep drill-hole data, but reasonable values can be

estimated using all available geologic data and associated

laboratory-determined sample densities.
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Samples were collected from the common rock units

exposed in the Papago Farms area. Densities were deter-

mined using the volume displacement method. In order that

measured densities would approximate wet bulk densities,

all samples were water saturated. The results are shown in

Table 1. An average bedrock density as determined from the

basalts and andesites is 2.65 g/cm3 .

Density values of the alluvium were obtained from

borehole density logs measured by the U.S. Geological

Survey Water Resources Division. Extrapolated densities

from basins similar to the Papago Farms along with forma-

tion densities derived from borehole gravity data in these

basins were used to estimate alluvial densities at depth.

Table 2 is a compilation of all available alluvial

density data in the Papago Farms area. The average density

for the entire alluvial section is 2.25 g/cm
3 . This gives

an average density contrast between the bedrock and allu-

vium of 0.40 g/cm 3 . This value is in agreement with the

conclusions of several authors who have developed basin

models using an average contrast of 0.40 g/cm 3 (West, 1970;

Aiken and Sumner, 1974; Hargan, 1978; Parker, 1978). This

value is speculative, but it is believed to be the best

value based on all of the geologic data available.
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REGIONAL RESIDUAL SEPARATION

In order to develop an accurate depth-to-bedrock

map and determine the amount of anomalous mass due to the

mass deficiency of the alluvium, the gravity effect of the

alluvium itself must be known. Gravity effects from all

other sources must be removed by an effective regional

residual separation.

The initial step in isolating the gravity effect

due to the alluvial fill is the removal of the regional

trend of the gravity anomaly. Accomplishing this should

remove the effect of deep crustal inhomogeneities reflected

in long-wavelength gravity anomalies. To further isolate

the gravity effect of the alluvial basin, the local bedrock

gravity trend is also removed from the data.

Numerous methods exist for the identification and

removal of regional gravity anomalies. In the present

application a double Fourier series computer program

(James, 1966; Aiken, 1976) was used to generate a regional

trend surface. This method is well documented and has been

quite successful in several gravity analyses in Arizona

(Aiken, 1976; Hargan, 1978; Parker, 1978; Lysonski, 1980).

Aiken (1976) has shown that a strong, positive

correlation exists in Arizona between long-wavelength

Bouguer anomalies and station elevation trends. Lysonski

(1980) has used this correlation to produce a regional
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gravity trend surface of Arizona (Figure 1). A portion of

this surface was used in this analysis to represent the

regional gravity trend in the Papago Farms area. The

first-order residual gravity values (Figure 4) are equal to

the difference between the complete Bouguer anomaly values

and the regional gravity trend surface.

Initial examination of the first-order residual grav-

ity map (Figure 4) reveals that, although the shape of the

contours are similar, the gravity values are less negative

than on the complete Bouguer anomaly map. The calculation

of the Bouguer anomalies using the regional elevation

datum has definitely improved the resolution of near-

surface geologic features. However, the residual gravity

values are still too negative over the dense bedrock.

Theoretically, residual values should be zero over bedrock

situated a few miles from a bedrock-alluvium contact. All

regional anomalies would then be removed and only the

gravity anomaly due to the alluvium would remain.

Using the same double Fourier series program, a

gravity trend surface calculated from bedrock gravity

values represents the effect of local bedrock density

variations. It now becomes important to precisely define

the terms "bedrock" and "alluvium". For the purpose of

ground water investigations, West and Sumner (1972, p. 26)

define bedrock as "all rock material that has little

water-containing pore space." Alluvium is all rock
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material that has appreciable pore space. Hydrologic

evidence indicates that the volcanics found in the north-

eastern end of the Papago Farms basin are to some extent

permeable (Hollett, 1980, personal communication). For

this reason and because of the above definitions of bedrock

and alluvium, gravity values over the volcanic outcrops

were not used in generating the bedrock trend surface.

Over 30 bedrock gravity stations collected during

this survey plus an additional 60 bedrock stations contrib-

uted by the University of Arizona Gravity Data Base were

used to create a second harmonic gravity trend surface

(Figure 5). This trend surface was then subtracted from

the first-order residual gravity values to yield the

second-order residual gravity anomaly map. The choice of

the wavelength of the bedrock surface and the bedrock sta-

tion coverage influences the second-order residual. In

this application, a fundamental wavelength of 2.3 times the

survey area was used to eliminate any edge effects (Aiken,

1976). Because no bedrock stations were available south of

the international border some error in the bedrock trend

surface may be present.

A careful review of the second-order residual grav-

ity anomaly map (Figure 6) shows that the gravity values

are zero over the dense bedrock and near zero over much of

the other rock outcrops. Residual gravity lows still exist

over the volcanic outcrops. This is probably due to the
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alluvium that underlies the near-surface volcanics. The

presence of alluvium beneath the volcanics in this portion

of the Papago Farms basin is supported by drill hole data.

Wells drilled in this area encountered the top of a rhyo-

litic unit at a depth of about 550 feet (170 meters). One

drill hole penetrated the volcanic unit and encountered

alluvium at about 800 feet (240 meters). The absence of

rhyolite in adjacent drill holes confines the volcanic

layer to the northeastern end of the survey basin. It is

suggested that the rhyolitic outcrops found here are the

surface exposures of the volcanic layer encountered by the

drill holes.

Although the shape of the gravity contours remained

almost the same, the overall effect of the final regional

residual separation is to increase the relative magnitude

of the negative residual gravity anomaly. The resultant

residual gravity map is used for depth to bedrock modeling

and the anomalous mass determination.

CORRELATION WITH AEROMAGNETIC DATA

Figure 7 is a residual aeromagnetic map of the

Papago Farms area taken from the Residual Magnetic Inten-

sity Map of the Papago Indian Reservation (U.S.G.S., 1976).

This aerial survey was flown at an elevation of 4000 ft

(1.2 km) above mean sea level with a flight spacing of 1

1 mile (1.6 km).
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Several major features of interest are on the map.

The two closed magnetic highs at the northern edge of the

mapped area are due to outcrops of basaltic and andesitic

bedrock. The volcanic rocks exposed in the survey area

show no associated magnetic anomalies and are therefore not

considered to be deep seated. The magnetic low situated

over the center of the Papago Farms area does not correlate

with the major gravity low of the basin area. The area of

low magnetic gradient located at the western end of the

basin coincides with the gravity saddle found on the resid-

ual gravity maps. A westerly trend in the magnetic gradient

starting from the northeastern portion of the aeromagnetic

map seems to parallel the residual gravity contours in this

area. This may be an indication of ancient stream channels

buried under the alluvium.

In general, gravity anomaly lows in the basin area

do not directly correlate with magnetic anomalies. Most

relations found between the gravity and aeromagnetic

anomalies are due to bedrock outcrops in the area. This

finding is in agreement with those of Aiken and Sumner

(1974) for the Basin and Range province.

DEPTH TO BEDROCK DETERMINATION

Determinations of the depths to bedrock are accom-

plished using an iterative two-dimensional gravity modeling

program written by West (1971). The basic equations of
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this program were developed by Bott (1960) and later

refined by Morris and Sultzbach (1967). The program calcu-

lates the gravity effect(g) of a two-dimensional rectangu-

lar prism, infinite in length.

The iterative process begins with the calculation

of a trial model using the Bouguer slab relationship

between the thickness of alluvium (rectangle height) and

its residual gravity value. This relationship is

Ag = 27GAhAp	 (2)

where

Ag = residual gravity effect

G = gravitational constant

Ap = density contrast

Ah = slab thickness.

A synthetic residual gravity anomaly curve is then

calculated over the model and compared to the actual resid-

ual curve. The difference between the two curves is used

to calculate a new thickness, or depth to bedrock, by the

following manipulation of the Bouguer slab approximation:

D = Do + gr/27GAp
	

(3)

where

D = new thickness

Do = old thickness

gr = residual gravity difference.
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Iterations are continued until a specified tolerance is

reached.

The depth-to-bedrock along five profiles in the

Papago Farms area was modeled using second-order residual

gravity values and an average density contract of 0.40

g/cm 3 . Figures 8 through 12 are computer-generated models

that have been handsmoothed to remove minor profile inflec-

tions related to noise in the data.

Possible errors in the depth-to-bedrock determina-

tions may be due to:

1. Inaccurate location of bedrock-alluvium contacts at

the surface. In this analysis, the exact location of the

bedrock alluvium contact at the ends of the gravity pro-

files are known from the Geologic Map of Pima and Santa

Cruz Counties, Arizona (Wilson, Moore, and O'Haire, 1960).

This eliminates any error due to poor contact positioning.

2. Bedrock underlain by alluvial fill. Evidence

exists for alluvium underlying volcanics found at the

northeastern end of the Papago Farms area. Whether the

alluvial fill continues beneath the nearby bedrock outcrops

is not known. Because this possibility exists, the depths

to bedrock in this area are questionable.

3. Modeled profiles not normal to gravity contours.

The gravity profiles used for depth-to-bedrock modeling in

this analysis were drawn normal to the residual gravity

profiles wherever possible. Erroneous depth determinations
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may result where the profiles are not normal to the gravity

contours.

4. Tailing errors. The basin geometry of the Papago

Farms area is such that tailing errors cannot be overlooked.

They are caused by the relative closeness of the bedrock

gravity stations to the alluvium. Although no analytical

attempt was made to determine the magnitude of the effect

of tailing errors on bedrock depth determinations, only

data from those stations more than a thousand meters on the

bedrock side of the bedrock-alluvial contact were used in

the modeling.

5. Incorrect density contrast values. The value used

for the density contrast in this analysis is based on all

available geologic information. However, density contrast

values are known to decrease with basin depth. A density

contrast lower than that used for modeling would result in

an increase in the calculated depth of the basin.

6. Errors in the complete Bouguer anomaly values. The

Bouguer slab relationship (Equation 2) can be used to esti-

mate the effect of these errors on depth determinations:

± Ag*± Ah - 21TGAp (4)

where

± Ah = error in the thickness estimate of a
Bouguer slab

Ag* = error in the complete Bouger anomaly.
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Using a maximum error of ± 0.74 mgal and assuming a density

contrast of 0.40 g/cm 3 , a maximum error of ± 145 ft (± 44 m)

is possible in the bedrock depth determinations.

7. Ineffective regional residual separation. The

computer-generated trend surfaces used in this application

have effectively removed unwanted gravity trends and

isolated the negative residual gravity anomaly of interest.

Thus, use of the second-order residual gravity values in

depth-to-bedrock modeling has reduced the possibility of

errors due to improper regional residual separation.

The results of two dimensional modeling and the

second-order residual gravity anomaly map have been used to

create the Papago Farms depth-to-bedrock map (Figure 13).

This map is interpretive and is the final result of analy-

sing all available geologic and gravity data. The general

shape of the basin as defined by the depth-to-bedrock map

is very similar to the gravity map contours. The Papago

Farms basin is shown to be an asymmetrical basin with a

scarp along the eastern pediment edge. This scarp, proba-

ably due to faulting, is indicated by the strong gravity

gradient in this location. While the gravity data give a

maximum basin depth of over 9000 feet (2700 meters), aero-

magnetic interpretation of the Residual Magnetic Intensity

Map (Hartman, 1979) indicates basin depths which are much

less. This is probably due to the fact that the basin sedi-

ments are to some extent magnetic, however susceptibility

contrasts at depth are unavailable.
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The gravitationally interpreted depth-to-bedrock

map also shows a subsurface saddle in the bedrock at the

western end of the basin. Based on this subsurface struc-

ture and resulting ground-water flow paths, this region is

considered to be a major ground-water divide.

ANOMALOUS MASS DETERMINATION

Because of the ambiguity inherent in gravity data,

an unlimited number of mass distributions can account for a

given gravity anomaly. However, a method does exist that

can determine a unique value for the magnitude of the mass

producing the anomaly.

The total amount of anomalous mass can be estimated

directly from the second-order residual gravity anomaly map

using Gauss's theorem:

4TrGM =	 g • ds	 (5)

where

M = anomalous mass

g- = gravitational field intensity

G = gravitational constant

s- = unit surface vector on any closed surface S

which encloses the mass M.

An extensive discussion on the application of

Gauss's theorem has been made by West (1970) and Ramsey
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(1940). The relationship used to calculate the anomalous

mass of a basin is (Grant and West, 1965):

27GAM = f f Ag(x,y)dxdy	 (6)
CO

where

Ag(x,y) = gravity effect measured over the upper

planar surface of a hemisphere

AM = enclosed anomalous mass that represents

the density contrast between the bedrock

and alluvium.

Thus, the amount of anomalous mass can be determined by

integrating the residual gravity anomaly over the basin.

Several investigators have used this method successfully

for similar alluvial basins in southern Arizona (Davis,

1967; West, 1970; Parker, 1978). The surface integration

is evaluated by summing the second-order residual gravity

values of each square kilometer of the anomaly area. This

technique was applied to the Papago Farms second-order

residual gravity anomaly map using the zero milligal isogal

as the integration limit. Where the zero contour is out of

the survey area, the international boundary with Mexico and

the bedrock modeling profiles surrounding the Papago Farms

area were used for the limits of integration. It should be

noted that areas of known volcanic outcrops that display
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negative residual gravity anomalies are included within the

integration limits because the volcanic rocks have been

shown to have an appreciable porosity.

The value obtained for the mass deficiency of the

Papago Farms basin is -4.42x10
13 kg. West (1970) calcu-

lated a value of -2.78x10
14 kg for Avra Valley, Arizona,

and Davis (1967) calculated -5.35x10
14 kg for the Tucson

Basin. Both of these basins are larger than the Papago

Farms basin.

As pointed out by West (1970), possible sources of

errors in the determination of the anomalous mass are

errors in the complete Bouguer anomaly, ineffective

regional residual separation, substitution of finite for

infinite limits in equation (6), and gravity observations

made on a nonplanar surface (earth).

The total error in the complete Bouguer anomaly of

± 0.74 mgal becomes relatively insignificant compared to

the maximum negative residual anomaly of -30 mgal found in

the Papago Farms area. West (1972) also adds that errors

in the complete Bouguer anomaly can be either positive or

negative and thus tend to cancel out in the surface

integration. Rigorous methods were used in this applica-

tion to remove any regional effects from the gravity

values as discussed earlier. Use of the second-order

residual gravity values diminishes the possibility of

error due to ineffective regional residual separation.
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An underestimation of anomalous mass may occur as a

result of substituting finite limits for the infinite lim-

its in equation (6). Approximate corrections for this

underestimation have been developed by LeFehr (1965). The

amount of underestimated anomalous mass can be quite con-

siderable depending on the geometry of the anomalous mass

distribution. Because the width-to-thickness ratio of the

Papago Farms basin is large and the ratio of the depth to

alluvium to alluvial thickness is zero, none of the correc-

tions suggested by LeFehr are necessary. This indicates

that the finite limit substitution has little effect on the

anomalous mass determination for this basin.

The only appreciable error in the anomalous mass

determination is due to distortions in the observed gravity

field caused by taking gravity measurements on the uneven

surface of the earth. Errors result because the derivation

of equation (6) assumes the surface of integration to be a

plane. The ground surface of the Papago Farms area has an

average slope of 0.003 that approximates a level surface.

Because the surface of integration is nearly level, none of

the corrections suggested by Grant and West (1965) were

applied to the residual gravities. West (1972) also noted

that Gauss's theorem, the basis of equation (6), does not

require the use of a plane. Therefore, any Gaussian sur-

face is adequate for calculating the gravitational flux.
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GROUND-WATER VOLUME DETERMINATION

The mass deficiency calculated for the Papago Farms

basin results because the density of the alluvial fill is

less than that of the surrounding bedrock. This density

difference is due to pore space in the alluvium, which lowers

its bulk density, or densities of the alluvial grains, that

are less than bedrock densities. Large amounts of ground

water are pumped daily from the Papago Farms so it can be

assumed that the alluvium has appreciable pore space, that

the mass deficiency is a result of pore space in the allu-

vium, and that the alluvium is saturated below the water

table. Therefore, the volume of saturated sediments can be

related to the negative anomalous mass.

A modified version of West and Sumner's (1972, p.

29) model was developed that relates the amount of anoma-

lous mass of a basin to its total volume of saturated

sediments. This model represents a realistic approach to

determination of the ground-water volume in that it makes

use of all available geologic and hydrologic information

from a basin.

The model (Figure 14) depicts a basin filled with

alluvium whose lower surface is bounded by bedrock of bulk

density pb
•
 Below the water table ( 7 ), the alluvium is

completely saturated with water of density 1.00 g/cc. The

alluvial fill is divided into four layers based on the

availability of geologic data. Each layer has an average
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value for its thickness (h n ), density contrast (Ap n ), areal

extent (S n ), and amount of anomalous mass ( AM).

The thickness of each alluvial layer was obtained

from Table 2. The average areal extent of each layer was

estimated by planimetering the appropriate area on the

depth-to-bedrock map. These parameters are used to deter-

mine volumes for the alluvial layers for which geologic

data are available. More layers could be used to further

refine this model if more geologic information were avail-

able. The volume of each alluvial layer is determined by:

Vn = Snhn .

These volumes are then used to calculate the anomalous

mass due to each particular layer of alluvium by the fol-

lowing relationship:

Mn = VApn n .

Density contrasts for the model layers are taken from

Table 2. The results of the above calculations for the

Papago Farms basin are presented in Table 3.

Given the total amount of anomalous mass (AM) for

the entire basin and the anomalous mass values for the top

three basin layers, it is possible to calculate the anoma-

lous mass of the bottom layer (AM4):
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AM4 = AM - (AM1 + AM2 + AM3 ).

For the Papago Farms basin:

AM4 = - 4.42X10
13 

- {(-9.10X10
12 ) + (-1.79X10 13 )

+ (-7.50X10 12 )} = - 1.04X10
13 .

The anomalous mass of the lower alluvial layer is -1.04X10 13

kg. For an average density contrast of -0.15 g/cm 3 , the

volume of the fourth layer (V4 ) is found to be approxi-

mately 69 km 2 .

The total volume (VT ) of 
saturated sediments for

the Papago Farms basin can be determined by

V
T 

= V2 + V 3 + V4 .

Note that the top layer of alluvium is not used in this

determination because these sediments are above the water

table and are not saturated. The total volume of saturated

sediments contained in the Papago Farms basin is 134 km 3 .

The amount calculated using West and Sumner's method and an

average basin density contrast of -0.40 g/cm 3 is 88 km 3 .

The difference in values results from the use of a sum of

volumes calculated with varying density contrasts in this

application.

If reliable values of specific yield are known for

the basin, the amount of ground water available from stor-

age can be estimated. Values for specific yield (Sy) of
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the individual alluvium layers were determined by hydro-

logic data from the Papago Farms area (Hollett, 1980, per-

sonal communication). Multiplying the specific yields by

their corresponding saturated sediment volumes gives the

amount of ground water available from storage for each

alluvial layer (Van ). The results of these calculations

are also given in Table 3. Summing the amount of ground

water for each layer gives the total amount of ground water

available from the Papago Farms basin as 4.92 km 3 . This is

approximately 4 million acre-feet (4.93X10
9 m3 ). It should

be stressed that this value depends on the values of the

specific yields. The model presented takes into account a

decrease in the aquifer storage capacity at depth, which is

shown in the decrease in the amount of ground water avail-

able from the bottom alluvial layer. The volume of satu-

rated sediments of this layer is the largest of all the

layers but the amount of ground water from it is much less.

This is not significant because ground-water pumpage from

depths greater than 2000 feet (600 meters) is not economic

due to low permeabilities and high pumping costs.

CONCLUSIONS

The application of a method to determine the volume

of saturated sediments and the amount of ground water

available from storage within an alluvial basin has been

presented. This method requires knowledge of anomalous



mass, density contrasts, and other geologic and hydrologic

parameters. This technique is an improvement over earlier

methods in that it quantitatively takes into account all

available geologic and hydrologic data. The results

obtained represent refined estimates of ground-water

volumes.

The amount of ground water available from storage

within a basin depends on many factors, all of which have

not been taken into account in this application. Permea-

bility, porosity, recharge, and discharge, along with

water quality and pumping costs, must also be considered.

Knowledge of the amount of ground water available

from storage is not the only information that can be

gained by ground-water hydrologists from this method.

Gravity interpretation can also give clues to hydrologic

boundaries and other subsurface structures that might

influence ground water regimens.
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Table 1.	 Wet bulk densities of common rock types
Papago Farms area

in the

Rock type Number of
samples

Range in wet	 Average wet
density, g/cc	 density, g/cc

andesite

basalt

average

8

10

18

2.58-2.63

2.66-2.70

2.61

2.69

2.65



Table 2. Alluvium densities in the Papago Farms area

Sediment type

Thickness
of unit,

Average bulk
density,
g/cc

Average density
contrast
g/cc

unsaturated
sands, silt 0-61 1.95 -0.70

clays, silty clays 61-274 2.14 -0.51

muddy gravels and
volcanic gravels 274-610 2.40 -0.25

indurated
sediments

average

610-

entire
section

2.50

2.25

-0.15

-0.40

Densities derived from all available geologic data.
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Fig. 1. State map of Arizona showing gravity survey area
(shaded region) and the regional gravity trend sur-
face generated by Aiken (1976) and Lysonski (1980);
gravity values in mgal.





Fig. 2. Gravity station location and generalized geologic
map of the Papago Farms area, southern Arizona
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Fig. 3. Complete Bouguer gravity anomaly map and generalized
geology of the Papago Farms area, southern Arizona





Fig. 4. First order residual gravity anomaly map and genera-
lized geology of the Papago Farms area, southern
Arizona





Fig. 5. Second harmonic bedrock trend surface and genera-
lized geology of the Papago Farms area, southern
Arizona





Fig. 6. Second order residual gravity anomaly map and
generalized geology of the Papago Farms area,
southern Arizona.





Fig. 7. Residual aeromagnetic map of the Papago Farms area,
southern Arizona. -- After the Residual Magnetic
Intensity Map, Papago Project, U.S.G.S., 1976. The
survey was flown at an elevation of 1.2 km with a
flight line spacing of 1.6 km (flight paths were east-
west.





Fig. 8. Computer generated depth-to-bedrock profile AA' with
corresponding residual gravity anomaly curve
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Fig. 9. Computer generated depth-to-bedrock profile BB'
with corresponding residual gravity anomaly curve
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Fig. 10. Computer generated depth-to-bedrock profile CC'
with corresponding residual gravity anomaly curve
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Fig. 11. Cumputer generated depth-to-bedrock profile DD'
with corresponding residual gravity anomaly curve
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Fig. 12. Computer generated depth-to-bedrock profile EE'
with corresponding residual gravity anomaly curve
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Fig. 13. Interpretive depth-to-bedrock map and generalized
geology of the Papago Farms area, southern Arizona
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Fig. 14. Model used for determining volume of saturated
sediments from anomalous mass values and basin
geometry. -- After West and Sumner (1972)




